Directional splash and wash sediments from a Rhodic Eutrustox (Wahiawa silty clay) were measured at 4, 9, 18, 27, and 36% slopes under simulated rainfall with 45, 65, 90, and 135 mm h -1 intensities. The rainfall intensity effects on erosion rates were well described with a power function model: E =aI b , where E is the erosion rate and I is the rainfall intensity. However, values of a and b are different for splash (b=0.5~1.4, a =13~28) and for wash (b=2.1~4.6 and a<0.003). This indicated the fundamental differences between the two processes, i.e., splash is sediment detachment and transport by raindrops and wash is sediment transport by raindrop impacted overland flow. It was also shown that rainfall intensity effects were dependent on slope steepness since the b-values for both splash and wash increased with increasing slope angle. The study suggested that interill splash and wash be modeled separately with more fundamental erosivity parameters such as rainfall kinetic energy or flow rate coupled with a slope factor.
Introduction
Studies of the influence of rainfall intensity on interrill erosion have been an important research area for decades. Researchers have commonly related interrill erosion rate with rainfall intensity through a power function model:
where E is interrill erosion rate (M L -2 T -1 ), I is rainfall intensity (L T -1 ), and a and b are fitted constants. It has been recognized that the coefficient 'a' is a soil and slope dependent parameter. Various values for exponent b are reported in the literature, with the pioneering work of Neal (1938) and Ekern (1954) reporting b-values of 2.2 and 1.5, respectively. Meyer (1981) , using field rainfall simulation, found that b decreased slightly from 2.3 for soils with low clay content (<20%) to 1.6 for soils with about 50% clay content. He, therefore, proposed a b-value of 2 for low-clay soils, and this exponent value had been used in the interrill erosion algorithm in the WEPP model. Watson and Laflen (1986) , using three types of soil with similar texture, found that values of b ranged from 1.5 to 2.5. Truman and Bradford (1993) further indicated that temporal variation in b-values during a rainfall event ranged from 0.66 to 3.85. As Sharma et al. (1993) noted, the reasons for the difference between b-values reported in the literature are not yet fully understood.
At the process level, interrill erosion is typically understood to be a combination of two sub-processes: splash (detachment and transport by raindrop impact) and wash (transport by raindrop impacted, unconcentrated overland flow). One of the reasons for the reported differences in the influences of rainfall intensity on interrill erosion lies in that most of the studies failed to partition these two processes in the measurement (e.g., Meyer, 1981; Watson and Laflen, 1986) . This study reports the results of measured interrill erosion rates with splash and wash processes partitioned over a range of rainfall intensities and slope angles. The objective of this study is to quantify the effects of rainfall intensity on splash and wash as separate processes through empirical statistical analyses.
Materials and Methods
Soil samples of a Wahiawa silty clay (Rhodic Eutrustox) were collected from the island of Oahu, Hawaii. The soil is well aggregated and contains about 90% of clay. Soil samples were air-dried and sieved through a sieve with 6-mm openings. Rainfall simulation was conducted with an interrill splash and wash partitioning device consisting of a drip-type rainfall simulator, a soil tray with a runoff collector, two lateral splash collectors, one downslope splash collector, and one upslope splash collector. The rainfall simulator covered an area of 0.75 by 0.75 m. Rain fell from a height of 2.2 m with uniform raindrop 3.2 mm in diameter, delivering kinetic energy of about 16 J m -2 mm -1 of rain. The soil tray had dimensions of 0.6 (length) by 0.3 (width) by 0.1 (depth) m. A runoff trough was mounted at the lower end of the soil tray for runoff collection. At the base of the soil tray a percolation outlet was used for infiltration measurements. The two lateral splash collectors (0.6 by 0.1 by 0.4 m) were attached to each side of the soil tray. The downslope splash collector (0.12 x 0.3 x 0.3 m) stood on the lips of the two lateral splash collectors leaving an opening of 5-8 mm above the soil surface for free passage of runoff. The upslope splash collector was identical to the downslope splash collector, and rested on the upper edge of the soil tray. Soil samples were carefully packed in the soil tray to produce a bulk density and steady state infiltration rate similar to that found in the field. Slopes studied were 4, 9, 18, 27, and 36 %, simulating a gradual transition from a transport-limited regime to a detachment-limited regime. The rainfall intensities studied were 45±2.1, 65±1.1, 90±4.2, and 135±3.0 mm h-1 (± 1 standard deviation). The soil bed was wetted prior to rainfall simulation. For each slope and rainfall intensity combination, runoff and percolate were measured every 5 min once rainfall was started. After achieving a steady state (about 20-30 min), the splash collectors were attached for 20 min and runoff and percolate were continued to be measured. After rainfall was stopped, wash and splash sediment was separately collected. Each combination of slope and rainfall intensity was replicated three times and a new soil sample was used for each replicate. The erosion rate (g m -2 h -1 ) was separated for total splash (combination of the three directional components), net downslope splash (downslope splash minus upslope splash), wash, and interrill sediment delivery (combination of wash and net downslope splash). All the replicate data were used for statistical analysis.
Results and Discussion
The erosion rate data were subdivided into five groups according to slope and fitted to Eq (1) through statistical analyses. The results are selectively reported for total splash, wash, and interrill sediment delivery in Table 1 . The b-values were generally close to unity for splash (0.54-0.98 for total splash), and ranged from 2.1 to 4.6 for wash. The different b values for splash and wash reflected the fundamental difference between the two processes. Splash is driven entirely by raindrop impact, and it is fundamental to model the process with raindrop kinetic energy. In this study, rainfall kinetic energy flux was linearly related with rainfall intensity due to the uniform raindrop size, and "I" in Eq (1) is therefore endowed with the physical meaning of raindrop energy for splash. The splash rate and rainfall intensity data also fit a linear model with b=1 (results not shown), supporting the modeling efforts of Proffitt et al. (1991) and Sharma et al. (1993) . In contrast, wash is a flow transport process, and the thin and unconcentrated flow is impacted by raindrops. Since the infiltration rate in the study was held nearly constant and flow rate Q was linearly related with I, a power function of Q or IQ in the form of Eq (1) both described the relationship as well as that of I (results not shown). However, it is believed that IQ would be the most appropriate parameter describing the interrill wash process since it expresses the physical relationship between both raindrop impact (I) and flow (Q). This term was proposed by Kinnell (1993) to replace I 2 in the WEPP interrill erosion model. Table 1 also shows that the b-values increases with increasing slope for both splash and wash, indicating that the influence of rainfall intensity on splash and wash is dependent on slope steepness. The interdependency between slope and rainfall or flow rate was also found by Huang (1995) . For splash, the increase of b-values with increasing slope implies that rainfall intensity has a more pronounced effect on splash as slope becomes steeper. Significant ponding of sheet flow was observed for the 4% slope for all rainfall events. This water layer had a cushioning effect and shielded soil from splash, as documented by many researchers such as Moss and Green (1983) and Proffitt et al. (1991) , and this influence was included in rainfall detachment algorithms of some erosion models such as EUROSEM (Morgan et al., 1992) . The cushioning effect increased with increasing rainfall intensity and decreasing slope steepness, resulting in smaller b-values at 4% than steeper slopes. The potential existence of ponded water is one of the reasons accounting for the lower level of explanation as measured by the coefficient of determination (r 2 ). The water depth factor used in EUROSEM is expressed as exp(-bh), where h is the water layer depth and b is an exponent that is a function of soil texture. Apparently, h is also a function of slope and soil surface conditions.
The increase in b-values with increasing slope for wash can also be explained with the interaction among flow, raindrop impact, and slope steepness. At low rainfall intensity (I = 45 mm h -1 ), wash transport was flow limited and did not increase significantly with increasing slope (Figure 1 ). At high rainfall intensity (I>60 mm h -1 ), wash increased dramatically increasing slope. This was partly because at low slope flow was relatively deep and prohibited raindrop impact while at high slopes flow was shallow and fast and raindrop impact created localized turbulence which greatly enhanced flow transport. Two critical slopes associated with wash transport were identified from an examination of the magnitude of b-values. The first was from 9% to 18% where b-values increased from 2.4 to 3.6. This was associated with the rapid wash transport increase for the 90 and 135 mm h -1 runs when slope was increased from 9 to 18%. The second was from 27% to 36% where b-values increased from 3.9 to 4.6. This coincided with rilling, which was visually observed during the 36% and 135 mm h -1 runs. However, in contrast to the increased b-values as slope increased, the coefficient a tended to decrease with increasing slope, implying that an erodibility term can not be well defined with Eq (1). For interrill sediment delivery, which combines wash and net downslope splash, b-value was 1.98 at 4% slope, decreased to 1.8 at the 9% slope, and then increased to about 2.5 as slope was larger than 18%. These values can be compared to the results from Truman and Bradford (1993) who indicated that b-values ranged from 0.66 to 3.85. Meyer and Harmon (1989) , in a laboratory study, found that b-values decreased as slope increased. These apparently contradictory results may reflect the soil texture and structure differences. The Oxisol used in this study was well-aggregated and had a relatively high infiltration capacity. Sand-sized water stable aggregates can be detached by raindrop impact, but require competent runoff for transport. In addition, bvalues for interrill sediment delivery was influenced by the relative contribution from wash and downslope splash which responded differently to changes in rainfall intensity and slope (Figure 1) . Thus, it is not surprising that large variations in b-values are reported in the literature, considering the dynamic nature of splash and wash interactions under varying experimental conditions, notably different rainfall intensity, drop sizes, slope lengths and angles, soil properties, and sediment collection devices. The implication of these data is that a b-value close to 1 indicates the predominant role of raindrop impact in sediment detachment and transport. This may be either as splash or as an aiding agent for flow transport at low slopes where sediment entrainment by flow is nearly absent. On the other hand a b-value close to or larger than 2 indicates the predominant role of a wash-driven process in sediment transport, which may be due to increased flow shear stress or stream power or localized flow turbulence generated by raindrop impact. The study suggested that interill splash and wash be modeled separately with more fundamental erosivity parameters such as rainfall kinetic energy or flow rate coupled with a slope factor.
